ABSTRACT
responses to virus infection with NV and other HuNoVs (9) (10) (11) . Studies using gnotobiotic pigs and calves inoculated with a GII.4 strain of HuNoV have shown that the infected animals develop diarrhea and virus shedding, similar to infections in humans, with histopathological changes in the intestinal epithelium and the presence of viral capsid protein in intestinal epithelial cells (12, 13) , but these costly animal models are not widely used. The discovery that murine norovirus (MNV) can be grown in cultured macrophages and dendritic cells has provided a new model to investigate norovirus biology and pathogenesis (14, 15) . However, since HuNoVs and MNV infect different cell types (15, 16) (also see Discussion), it remains unclear whether MNV is a model that recapitulates all the biological characteristics of HuNoVs. Recent studies have reported that GII. 4 HuNoV can infect B cells in vitro (17) and macrophage-like cells in immune-deficient mice in vivo (18) , representing some progress toward an in vitro cultivation system and a small-animal model for HuNoV. However, considering the immune cell tropism in these systems and new evidence detecting HuNoV antigen in intestinal biopsy specimens of chronically infected transplant patients (19) , in vitro or in vivo models in which HuNoV can infect intestinal epithelial cells are still needed.
The HuNoV RNA genome is a single positive-strand RNA typically 7.5 to 7.7 kb in length, covalently linked to a small virusencoded protein, VPg (viral protein genome-linked), at the 5= end and polyadenylated at the 3= end (20) . The genomic RNA contains three open reading frames (ORFs). ORF1 encodes a nonstructural polyprotein that is cleaved by its own protease (Pro) to generate at least six distinct proteins: p48-p41-p22-VPg-Pro-Pol (where Pol is polymerase), while ORF2 encodes the major capsid protein VP1, and ORF3 encodes the minor capsid protein VP2 (Fig. 1A ) (21) (22) (23) . Upon infection of cells and uncoating of the virus particle, the released viral genomic RNA is believed to function as mRNA to direct the translation of the ORF1 polyprotein, which is auto-processed into individual nonstructural proteins. The nonstructural proteins assemble into a replication complex to pro- duce both new genomic RNA and a 3= coterminal subgenomic RNA expressing structural proteins VP1 (ORF2) and VP2 (ORF3). The structural proteins and newly synthesized genomic RNAs assemble into new virus particles that are subsequently released from the cells (24) . Since expression of VP1 is predominantly dependent on the production of a subgenomic RNA, it is widely considered a hallmark of HuNoV RNA replication (24) .
Due to the short course of HuNoV disease, which typically lasts for 1 to 3 days in healthy adults, it has been hypothesized that innate immune responses may play an important role in the control of HuNoV infection. Innate immune responses, including the synthesis and secretion of interferons (IFNs), form the first line of defense against virus infections. The RIG-I (retinoic acid-inducible gene I) and MDA5 (melanoma differentiation-associated gene 5) cellular helicases and Toll-like receptor 3 (TLR3) are pattern recognition receptors (PRRs) that sense virus-derived RNA within infected cells and initiate signal transduction cascades through their adaptor proteins, mitochondrial antiviral signaling protein (MAVS) and TRIF (TIR domain-containing adaptor inducing IFN-␤), respectively. These adaptors engage downstream kinases to activate two crucial transcription factors, NF-B (nuclear factor kappa B) and interferon regulatory factor 3 (IRF3), resulting in the induction of IFNs. Secreted IFNs can function through autocrine and paracrine signaling by binding to IFN receptors (IFNRs) and activating the JAK (Janus kinase)/STAT (signal transducer and activator of transcription) pathway to induce IFN-stimulated genes (ISGs) that ultimately establish an antiviral state (25, 26) . Among the three types of IFNs, type I IFNs, including mainly IFN-␣ and IFN-␤, and type III IFNs, including interleukin-29 ([IL-29] IFN-1), IL-28A (IFN-2), and IL-28B (IFN-3), share similar expression patterns and antiviral functions, while the sole type II IFN, IFN-␥, is produced by T cells and natural killer cells and is involved in immune and inflammatory responses (27, 28) .
Studies using MNV have provided strong support for the role of the IFN responses in control of norovirus replication in vivo and in vitro. In particular, these studies have shown that MNV infection strongly induces type I IFNs in cultured macrophages and dendritic cells (29) and that MNV replicates to higher titers in cultured macrophages or dendritic cells derived from STAT1 Ϫ/Ϫ , MDA5 Ϫ/Ϫ , IFNAR1 Ϫ/Ϫ , or IRF3 Ϫ/Ϫ mice (15, 29, 30) . Recent studies also showed that type III IFNs control persistent enteric MNV infection and that type III IFN treatment cures persistent MNV infection in mice (31, 32) . However, without a robust in vitro infection system for HuNoVs, it remains unclear whether the IFN response also plays a key role in control of HuNoV infection.
To overcome the lack of a cell culture infection system for HuNoVs, our laboratory has reported that transfection of human hepatoma Huh-7 cells with NV RNA isolated from stool samples of infected volunteers leads to a single cycle of RNA replication and release of viral particles into the culture medium (33) . Recently, our laboratory also reported a plasmid-based reverse genetics system for the GII.3 HuNoV strain U201 that allows a low level of RNA replication and virus production (34) . The goal of the studies reported here was to use these two systems to investigate the cellular IFN response to HuNoV RNA replication. We found that replication of NV and U201 RNA in cultured mammalian cells does not induce an IFN response and that NV RNA replication is not enhanced by neutralization of type I/III IFNs or by knockdown of MAVS or IRF3 in the IFN induction pathways. Furthermore, we show that NV RNA replication does not block IFN induction elicited by an exogenous virus. These results suggest an unexpected, limited role of IFN response in control of HuNoV RNA replication in cultured mammalian epithelial cells.
MATERIALS AND METHODS
Cells and viruses. The 293FT cell line, derived from human embryonic kidney HEK293 cells transformed with the simian virus 40 (SV40) large T antigen, was purchased from Invitrogen. The interferon-stimulated response element (ISRE)-luciferase (Luc) reporter cell line, 293FT-ISRELuc, was generated by transduction of 293FT cells with ISRE-Luc reporter lentiviral particles (CLS-008L; SABioscinces) and selected with 30 g/ml puromycin (Sigma-Aldrich). Stable short hairpin RNA (shRNA) knockdown 293FT cell lines 293FT-shMAVS and 293FT-shIRF3 were generated by transduction of 293FT cells with shRNA lentiviral particles of MAVS (kindly provided by Zongdi Feng, Nationwide Children's Hospital) and IRF3 (sc-35710-V; Santa Cruz Biotechnology), respectively, and selected with 30 g/ml puromycin. The human hepatoma cell line Huh-7 was kindly provided by Shinji Makino (University of Texas Medical Branch). All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 8% fetal bovine serum (FBS), with the addition of 30 g/ml puromycin for puromycin-selected cells.
NV stool specimen lot 51899 was obtained from a human volunteer experimentally infected with NV and processed as previously reported for lot 42399 (35, 36) . The stool sample was diluted 1:10 (wt/vol) with phosphate-buffered saline (PBS), clarified by centrifugation, and filtered through a 0.45-m-pore-size filter. Human volunteer studies were approved by the Institutional Review Board of Baylor College of Medicine, and written consent was obtained from all volunteers. The cell cultureadapted hepatitis A virus (HAV) strain HM175/18f was kindly provided by Stanley Lemon (University of North Carolina at Chapel Hill) and propagated in Huh-7 cells. Sendai virus (SeV) Cantell strain (Charles River) was kindly provided by Shinji Makino (University of Texas Medical Branch).
Plasmids, antibodies, and proteins. The following expression plasmids were originally constructed (34) and kindly provided by Kazuhiko Katayama (National Institute of Infectious Diseases [NIID], Japan): empty vector plasmid pKS435; the plasmid containing human norovirus GII.3 strain U201 full-length genome cDNA, pHuNoV-U201F; the mutant full-length plasmid expressing U201-⌬4607, pHuNoV-U201F⌬4607, in which a deletion of a guanine (G) nucleotide at position 4607 (⌬4607) of the ORF1 region causes a frameshift and premature termination of the viral polymerase (Pol); the full-length U201-RLuc reporter genome plasmid, pHuNoV-U201F-ORF2RLuc, in which a Renilla luciferase (RLuc) gene was inserted in frame into the VP1 (ORF2) region; and the mutant U201-⌬4607-RLuc reporter genome plasmid, pHuNoV-U201F⌬4607-ORF2RLuc, which contains the same ⌬4607 mutation as described above. Details of these plasmids have been previously published (34) . The plasmid pT7-NV, which contains the complete NV cDNA under the T7 promoter, has been previously described (37) . The IFN-␤ promoter-luciferase (IFN-␤-Luc) reporter plasmid was kindly provided by Hiroki Kato (Osaka University, Japan). The TK-RLuc reporter plasmid pGL4.74, which constitutively expresses RLuc under the human thymidine kinase (TK) promoter, was purchased from Promega.
A rabbit polyclonal antiserum to NV VPg was generated by immunizing rabbits with recombinant NV VPg that was expressed and purified from Escherichia coli as previously reported (11) . Rabbit and guinea pig polyclonal antisera to NV VP1 were generated by immunizing animals with virus-like particles (VLPs) formed by NV VP1 and VP2 that were expressed and purified from a baculovirus expression system (38) . A rabbit polyclonal antiserum to NV p48 was previously generated in our laboratory by immunizing rabbits with a synthetic peptide of NV p48 amino acids (aa) 70 to 83 (39) . Rabbit polyclonal antisera to U201 Pol, p35 (N terminus), and p41, mouse monoclonal antibody to U201 VPg, and guinea pig polyclonal antiserum to U201 VP1 were kindly provided by Kazuhiko Katayama (NIID, Japan). Other antibodies used in Western blotting and immunofluorescence (IF) staining included the following: rabbit monoclonal anti-IRF3 D6I4C (11904S; Cell Signaling Technology), rabbit anti-ISG56 (p56) (PA3-848; Thermo Fisher Scientific), mouse monoclonal anti-double-stranded RNA (dsRNA) J2 (Scicons, Hungary), mouse monoclonal anti-HAV K3-4C8 (Commonwealth Serum Laboratories, Victoria, Australia), rabbit anti-MAVS (A300-782A; Bethyl Laboratories), and mouse monoclonal anti-actin (ab6276; Abcam).
IFN neutralizing antibodies and their dilutions included the following: sheep anti-IFN-␣ (31100-1; PBL Assay Science) at 1:4,000, sheep anti-IFN-␤ (31400-1; PBL Assay Science) at 1:4,000, rabbit anti-IFN-␤ (31410-1; PBL Assay Science) at 1:4,000, mouse monoclonal anti-IFN-␣/␤ receptor chain 2 (IFNAR2) (21385-1; PBL Assay Science) at 1:1,000, a cocktail of the above four antibodies at the same dilutions for neutralization of type I IFNs, goat anti-IL-29 (IFN-1) with cross-reactivity to IL-28A (IFN-2) and IL-28B (IFN-3) (AF1598; R&D Systems) at 1:100, goat anti-IL-10 receptor ␤ (IL10R2) (AF874; R&D Systems) at 1:100, sheep anti-IL-28 receptor ␣ (IL28R1) (AF5260; R&D Systems,) at 1:100, and a cocktail of the above three antibodies at the same dilutions for neutralization of type III IFNs.
IFN-␣ (PHP108Z; AbD Serotec) and IFN-␤ (407318; CalBiochem) were used at 1,000 U/ml unless otherwise indicated. IL-29 (IFN-1) (1598-IL; R&D Systems) was used at 50 ng/ml or as indicated in the dosedependence experiment. The vaccinia virus B18R recombinant protein (14-8185-62; eBioscience), supplied in 1% bovine serum albumin (BSA) carrier, was used at 125 ng/ml. Equally diluted BSA was used as a negative control.
In addition to NV VLPs (38) , VLPs formed by VP1 and VP2 capsid proteins of HuNoV GII.3 strain TCH-104 were expressed and purified from a baculovirus expression system as previously described (40) .
NV stool RNA isolation and transfection. Purification of NV particles from NV stool filtrate using rabbit anti-NV VP1 antibody-coated magnetic beads (Bio-Rad) and isolation of NV RNA from purified virus particles by a modified QIAamp viral RNA minikit (Qiagen) protocol have been described previously (41) . The yield of NV stool RNA from 20-ml stool filtrate was typically 60 l of RNA at a concentration of 60 to 70 ng of RNA/l (mostly carrier RNA) containing 3 ϫ 10 7 to 4 ϫ 10 7 NV genome copies/l. For RNA transfection, 293FT cells were seeded into 48-well plates with 250 l of medium/well or 96-well plates with 100 l of medium/well and cultured to 60 to 70% confluence. In some experiments the cells were pretreated with IFNs (24 h), IFN neutralizing antibodies (6 h), or B18R protein (1 h). NV stool RNA or carrier RNA as a negative control was transfected into the cells using TransIT-mRNA transfection reagent (Mirus Bio) according to the manufacturer's instructions with the following modifications. For a 48-well plate (for Western blotting) or eight-chamber slide (for IF) format, 200 ng of NV stool RNA (typically containing 1 ϫ 10 8 NV genome copies) was mixed sequentially with 25 l of Opti-MEM (Invitrogen) containing 0.4 U/l Optizyme RNase inhibitor (Fisher Scientific), 0.5 l of mRNA boost reagent (Mirus Bio), and 0.5 l of TransIT-mRNA reagent (Mirus Bio); the mixture was then incubated for 1 min at room temperature and added to the cell culture. Following the same procedure, for a 96-well plate format (for 293FT-ISRE-Luc assay), 240 ng of NV stool RNA was mixed sequentially with 30 l of Opti-MEM, 0.6 l of mRNA boost reagent, and 0.6 l of TransITmRNA reagent; the mixture was incubated for 1 min and distributed at 10 l/well in triplicate to the cell culture. In most experiments, cells were lysed or fixed at 48 h post-RNA transfection unless otherwise indicated.
For an experiment that compared transfection of NV stool RNA to that of in vitro-transcribed NV genomic RNA (NV IVT RNA), the plasmid pT7-NV (37) was linearized with SalI as the template to synthesize NV genomic RNA by in vitro transcription using a mMESSAGE mMACHINE T7 transcription kit (Thermo Fisher Scientific). Transfection of NV IVT RNA was performed in essentially the same manner as described above for NV stool RNA.
RT-qPCR of NV RNA. To quantify NV RNA replication in transfected cells, a reverse transcription-quantitative PCR (RT-qPCR) assay was performed as previously described (33, 36) with the following modifications. Standard NV RNA transcripts were produced by in vitro transcription from the plasmid pT7-NV (37) as described above. Five 10-fold dilutions of the NV RNA transcripts (500 to 5,000,000 genome copies), each in triplicate, were used to generate a standard curve. At 8, 24, 48 , and 72 h following NV stool RNA transfection in a 48-well plate format, cellular RNAs were extracted using an RNeasy minikit (Qiagen), and 1/10 (5 l) of the total RNA (50 l/well) was used in the RT-qPCR assay. All samples were quantified using RNAs from triplicate wells. The primers for the RT-qPCR assay were antisense primer p165 (complementary to NV nucleotides [nt] 4689 to 4715) and sense primer p166 (NV nt 4641 to 4658); the probe was p167 (NV nt 4660 to 4685; 5= 6-carboxyfluorescein [FAM], 3= 6-carboxytetramethylrhodamine [TAMRA]) (36) . Reactions were performed using a qScript XLT One-Step RT-qPCR ToughMix reagent with 6-carboxy-X-rhodamine (ROX) (Quanta Biosciences) on a StepOnePlus real-time PCR system (Thermo Fisher Scientific) with StepOne Software (Thermo Fisher Scientific). The levels of NV RNA in transfected cells are presented as genome copies/well.
293FT-ISRE-Luc reporter assay. For experiments that measured the IFN response to NV RNA replication, the 293FT-ISRE-Luc reporter cells were transfected with NV stool RNA or with carrier RNA as a negative control and incubated for 48 h or for 8, 24, 48, and 72 h in a time course experiment. For an experiment that measured the IFN response to VLPs, the 293FT-ISRE-Luc reporter cells were treated with VLPs of NV (38) or GII.3 HuNoV strain TCH-104 (40) at 12-and 36-g/ml concentrations in the medium for 6 h. As a positive control for both experiments, cells were treated with 100 g/ml poly(I·C) (Invivogen) in the medium for 6 h. For experiments that evaluated efficacies and stabilities of IFN neutralizing antibodies, at the end of the IFN neutralization/NV RNA transfection experiments, the spent medium containing the antibody was collected before the cells were lysed for Western blotting. The spent medium was added at 50 l/well to 293FT-ISRE-Luc reporter cells that were seeded into 96-well plates with 100 l of medium/well and incubated for 1 h. IFN-␣, IFN-␤, or IL-29 was then added at 50 l/well (total volume, 200 l/well) to a final concentration of 500 U/ml (IFN-␣/␤) or 50 ng/ml (IL-29) and incubated for 18 h. At the end of the incubation, cells were lysed with 100 l/well cell culture lysis buffer (Promega). For the luciferase assay, 2 l of the cell lysate was mixed with 50 l of luciferase assay reagent (Promega) in a 3.5-ml polypropylene tube (Sarstedt) and immediately measured for luminescence on a Sirius Luminometer (Berthold) programmed with 2 s of delay and 10 s of signal integration. Statistically significant differences between samples were calculated by Student's t test. The results presented are representative of experiments performed at least twice with similar results.
Plasmid transfection and dual-luciferase assay. For U201 reverse genetics experiments, 293FT cells seeded into a 48-well plate (for Western blotting) or eight-chamber slide (for IF) with 250 l of medium/well and cultured to 70 to 80% confluence were transfected with 200 ng of vector, U201, or U201-⌬4607 full-length genome plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. At 24 h posttransfection (hpt), cells were either lysed with 100 l/well cell culture lysis buffer (Promega) for Western blotting or fixed with methanol-acetone (1:1) for IF microscopy.
For an IFN-␤-Luc reporter assay, 293FT cells seeded into a 48-well plate were transfected with a combination of 100 ng of IFN-␤-Luc reporter plasmid, 10 ng of TK-RLuc reporter plasmid (as an internal control for transfection efficiency), and 100 ng of vector, U201, or U201-⌬4607 full-length genome plasmid. For combined IFN-␤-Luc and U201-RLuc reporter assays, cells were transfected with a combination of 100 ng of IFN-␤-Luc reporter plasmid and 100 ng of vector, U201-RLuc, or U201-⌬4607-RLuc reporter genome plasmid. As a positive control for both assays, at 7 hpt, the vector-transfected cells were infected with SeV at 40 hemagglutination units (HA)/ml. At 24 hpt (17 h postinfection [hpi] for SeV), cells were lysed with 100 l of passive lysis buffer (Promega). The Luc (firefly luciferase) and RLuc (Renilla luciferase) activities in 10 l of cell lysate were measured using dual-luciferase assay reagents (Promega), according to the manufacturer's instructions, on a Sirius Luminometer (Berthold) as described above.
Western blotting and IF microscopy. For Western blotting of protein expression, the cell monolayer in a 48-well plate was lysed in 100 l/well NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 10% glycerol, 1 mM dithiothreitol [DTT], 1ϫ protease inhibitor cocktail [CalBiochem] ). In some experiments, cell lysates from luciferase assays, when supplemented with 1ϫ protease inhibitor cocktail (CalBiochem), were also used for Western blotting. Each cell lysate was clarified by centrifugation, and 10 l of lysate was subjected to SDS-PAGE and Western blotting using antibodies against viral or cellular proteins. In some experiments, NV VP1 in the cell lysates was first concentrated by immunoprecipitation with rabbit anti-NV VP1 antibody-coated magnetic beads and then analyzed by Western blotting using guinea pig anti-NV VP1 antibody.
For IF microscopy, cells cultured in eight-chamber slides (for confocal IF) or 48-well plates (for low-magnification IF) were fixed with methanolacetone (1:1) and blocked with 1% BSA. The cell monolayer was incubated with primary antibodies against viral antigens, dsRNA, or cellular proteins, followed by corresponding fluorophore-conjugated secondary antibodies. Nuclei were counterstained with 4=,6=-diamidino-2-phenylindole (DAPI). Low-magnification (ϫ4) images were collected using an Olympus IX70 inverted fluorescence microscope. Confocal images were collected using a Nikon A1 confocal laser scanning microscope with Nikon Elements software (version 3.5; Melville, NY) at the Integrated Microscopy Core of Baylor College of Medicine.
RESULTS

Replication of NV RNA in 293FT cells.
To investigate the IFN response to NV RNA replication in cultured mammalian cells, we first sought a cell line that is both permissive for efficient NV RNA replication and capable of an IFN response. Although our laboratory previously reported that NV RNA can replicate in Huh-7 hepatoma cells following transfection (33) , these cells are defective in the TLR3 signaling pathway of IFN induction (42, 43) , which we confirmed by extracellular poly(I·C)-stimulated IFN-␤-Luc and ISRE-Luc reporter assays (data not shown). Through screening of different cell lines, 293FT cells, which were derived from SV40 large T antigen-transformed HEK293 cells, were found to support NV RNA replication. Transfection of 293FT cells with NV RNA isolated from stool samples of an NV-challenged volunteer resulted in expression of ORF1-encoded nonstructural proteins such as VPg precursors and ORF2-encoded structural protein VP1, both readily detected by Western blotting (Fig. 1B) . The appearance of multiple VPg precursors, among which p22-VPg-Pro-Pol seemed to be a major precursor, confirmed the synthesis and autoprocessing of the ORF1 polyprotein (Fig. 1B) . Consistent with previous cell culture expression of ORF1 (41), full-length ORF1 or precursors larger than p22-VPg-Pro-Pol were not detected due to rapid cotranslational processing of p48 and p41 (Fig. 1B) . Interestingly, the smallest VPg precursor detected by Western blotting was p22-VPg (Fig. 1B) , believed to be a membrane-associated form of VPg (via the membrane association domain in p22) that is important for initiation of RNA replication (44) . The mature VPg, a 20-kDa protein believed to be covalently linked to the 5= end of viral genome RNA, was not detected by Western blotting (Fig. 1B) . In our previous study, mature VPg was detected by Western blotting in cell culture expression of the ORF1 polyprotein processing precursors (41) . Whether the mature VPg is unstable or its level is very low in the context of RNA replication remains to be further investigated.
The detection of VP1 (Fig. 1B) confirmed RNA replication since this protein is not present in the input RNA and not translated from the input RNA following transfection (due to the frameshift between ORF1 and ORF2), but it is produced from subgenomic RNA as result of RNA replication (24) . It has been reported that in a bovine GIII NoV, VP1 can be produced by translation termination reinitiation (TTR) between ORF1 and ORF2 (VP1) without the need for subgenomic RNA (45) . To confirm that NV VP1 expression is due to RNA replication, not to the TTR mechanism, we compared transfection of stoolisolated NV RNA to that of NV genomic RNA synthesized from in vitro transcription (IVT). Instead of a 5= VPg that is essential for NV RNA replication (33) , the NV IVT RNA contains a 5= cap analog that is incorporated during IVT and, therefore, is capable of translation but unable to replicate. Indeed, translation and auto-processing of the ORF1 polyprotein were observed in both NV RNA-and NV IVT RNA-transfected cells, as evidenced by the Western blot detection of VPg precursors (Fig. 1C, VPg panel) . However, the NV IVT RNA, unlike NV RNA, failed to produce VP1 (Fig. 1C, VP1 panel) , indicating that NV VP1 expression is strictly dependent on RNA replication.
To further confirm the correlation between VP1 expression and NV RNA replication, we compared the kinetics of expression of VP1 and NV RNA in transfected cells in a time course experiment. Immunoprecipitation (IP) and Western blotting of VP1 in NV RNA-transfected cells showed a typical time-dependent expression pattern in which VP1 was undetectable at 8 h, appeared at 24 h, peaked at 48 h, and declined at 72 h (Fig. 1D) . Similar replication kinetics of NV RNA in transfected cells were shown by RT-qPCR assay (Fig. 1E) . These results, together with the NV IVT RNA data, confirmed that VP1 expression depends on and closely correlates with NV RNA replication. We thus used VP1 as a hallmark of NV RNA replication in this study.
NV RNA replication is sensitive to type I and III IFN treatment. Having established that NV RNA can replicate in 293FT cells, we next tested whether NV RNA replication is sensitive to the antiviral effects of type I (␣/␤) or III (IL-29) IFN. Pretreatment of 293FT cells with increasing concentrations (100 and 1,000 U/ml) of IFN-␣ or IFN-␤ for 24 h, followed by NV RNA transfection, showed a dose-dependent inhibitory effect on NV RNA replication, as measured by VP1 expression (Fig. 2A) . In a similar experiment, IL-29 also showed a dose-dependent inhibitory effect on NV RNA replication although it was less effective at 10 and 100 ng/ml than IFN-␣ or IFN-␤ at 100 and 1,000 U/ml (equivalent to 0.37 and 3.7 ng/ml IFN-␤), respectively ( Fig. 2A) . When 1,000 U/ml of IFN-␤ was added to the cell culture at 12 h after NV RNA transfection, which allowed NV RNA to establish initial replication, an inhibitory effect was also observed and, as expected, was less effective than pretreatment (Fig. 2B) . By IF staining of VP1 in NV RNA-transfected cells, we also observed markedly reduced numbers of VP1-positive cells in IFN-␤-pretreated cells compared to the number in untreated cells (Fig. 2C) (Fig. 3A) . These results showed that in the cases of SeV and poly(I·C), ISRE-Luc detected both IFN induction (resistant to B18R) and signaling (sensitive to B18R). As expected, the B18R protein had no effect on ISRE-Luc activity induced by IL-29, a type III IFN (Fig. 3A) . Using specific IFN neutralizing antibodies, we further confirmed that SeV-and poly(I·C)-induced IFNs from 293FT cells were mainly IFN-␤, excluding the possibility that the B18R-resistant portions of ISRELuc activities induced by SeV and poly(I·C) might be due to type III IFN signaling (data not shown). We therefore chose the 293FT-ISRE-Luc reporter cell line to detect both induction and signaling of type I and III IFNs for most of the experiments in this paper unless otherwise indicated. Using the 293FT-ISRE-Luc reporter cells, we next examined whether NV RNA replication induces an IFN response. In cells transfected with NV RNA, we observed a basal level of ISRE-Luc activity similar to that of both untransfected (control) and carrier RNA-transfected (another negative control) cells at 48 h post-RNA transfection (Fig. 3B ). This result was further confirmed by RT-qPCR, which showed no increase of IFN-␣ or IFN-␤ mRNA by NV RNA transfection (data not shown). As a positive control, poly(I·C), when added to the medium for 6 h, induced a strong ISRE-Luc activity (Fig. 3B) . NV RNA replication in transfected cells was confirmed by IP and Western blotting of VP1 (Fig. 3C) . Consistent with ISRE-Luc reporter assay results, the induction of ISG56, an ISG, was observed only in poly(I·C)-treated cells and not in control or carrier RNA-or NV RNA-transfected cells (Fig.  3C) . To address a possible early or delayed IFN response to NV RNA replication, we also performed a time course experiment in which the IFN response was examined at 8, 24, 48, and 72 h following NV RNA transfection of 293FT-ISRE-Luc cells. At each time point, the IFN response was not detected by the ISRE-Luc assay in NV RNA-transfected cells, similar to the result in untransfected (control) or carrier RNA-transfected cells (Fig. 3D) . As a positive control, poly(I·C), when added to the medium for 6 h, induced strong ISRE-Luc activity at each time point (Fig. 3D) . The lack of IFN response in NV RNA-transfected cells at each time point, contrasted with the dynamic changes of VP1 (Fig. 1D ) and NV RNA (Fig. 1E) during the same period, demonstrated that a measurable IFN response was not induced throughout the course of NV RNA replication.
Replication of GII.3 HuNoV RNA does not induce an IFN response. In addition to NV, a GI.1 HuNoV strain, we also examined the IFN response to RNA replication of the GII.3 HuNoV strain U201 in 293FT cells. To this end, we used a recently devel- oped plasmid-based reverse genetics system, in which the entire U201 genome is cloned downstream a mammalian EF-1␣ promoter in a plasmid containing the SV40 origin of replication (34) . Cells transfected with the plasmid express the ORF1 polyprotein and initiate RNA replication at low frequency, resulting in expression of VP1 and VP2 capsid proteins and production of progeny viruses (34) . As a negative control, we used a replication-defective mutant U201 genome that contains a guanine (G) nucleotide deletion at position 4607 (⌬4607) in the region encoding the viral polymerase (Pol), which causes a frameshift and premature termination of Pol (Fig. 4A) . To facilitate the detection of U201 RNA replication, a pair of wild-type and mutant reporter genome plasmids was used in which an RLuc reporter gene was inserted in frame into the ORF2 (VP1) region of both U201 and U201-⌬4607, creating a U201-RLuc reporter genome and its isogenic mutant U201-⌬4607-RLuc, respectively (34) (Fig. 4A) . Following plasmid transfection of 293FT cells, Western blotting of nonstructural proteins p35 (N-terminal protein [Nterm], corresponding to NV p48), p41, and Pol showed that ORF1 polyprotein expression and auto-processing occurred for both U201 and the mutant U201-⌬4607, but Pol was produced only by U201, not by the mutant U201-⌬4607 (Fig. 4B) . A truncated form of Pol was not detected by Western blotting (data not shown), suggesting that the prematurely terminated Pol may be unstable and rapidly degraded. The expression levels of p35 (Nterm) and p41 were elevated in mutant U201⌬4607 compared to the levels in U201 (Fig. 4B) , probably due to reduced size and enhanced expression of ORF1 polyprotein as a result of premature termination of Pol. Consistent with the Western blotting results, IF staining of VPg and VP1 in plasmidtransfected cells showed that although both U201 and mutant U201-⌬4607 expressed ORF1 polyprotein (represented by VPg), only U201 was capable of RNA replication, as evidenced by expression of VP1 in some of the VPg-positive cells, whereas no VP1 was produced by the replication-defective U201-⌬4607 mutant (Fig. 4C) .
We next used this system to examine the IFN response to U201 RNA replication. Following cotransfection of U201 or U201-⌬4607 plasmid with an IFN-␤-Luc reporter plasmid into 293FT cells, at 24 hpt, which was the peak of U201 RNA replication (34) , no activation of the IFN-␤ promoter was detected for either U201 or U201-⌬4607 compared to the level with vector (negative control) transfection (Fig. 4D) . As a positive control, SeV induced strong activation of the IFN-␤ promoter (Fig. 4D) . We also performed a dual-luciferase assay by cotransfection of an IFN-␤-Luc (firefly luciferase) reporter plasmid with the U201-RLuc or U201-⌬4607-RLuc (Renilla luciferase) reporter genome plasmid into 293FT cells. As an indication of viral RNA replication, U201-RLuc produced strong RLuc activity at 24 hpt, whereas only a basal level of RLuc activity was detected for the replication-defective mutant U201-⌬4607-RLuc (Fig. 4E) . The RLuc levels of U201-RLuc versus U201-⌬4607-RLuc were consistent with those previously reported (34). However, despite their different replication abilities, no activation of IFN-␤ promoter was observed for either U201-RLuc or U201-⌬4607-RLuc compared to the levels with the vector negative control and the SeV positive control (Fig. 4F) . Western blotting of ISG56, another indicator of IFN response, in the same cell lysates also confirmed that it was induced only by the SeV positive control, not by vector, U201-RLuc, or U201-⌬4607-RLuc (Fig. 4G) . These results collectively showed that replication of U201 RNA derived from a reverse genetics system did not induce an IFN response.
As previously reported (34), a basal level of RLuc activity was observed for the mutant U201-⌬4607-RLuc (Fig. 4E) . This could be due to a basal level of internal translation initiation but not likely to residual RNA replication or translation termination reinitiation (TTR) between ORF1 and ORF2, as reported for a bovine GIII NoV (45) . In the same report, TTR was not observed for the GII.4 strain Lordsdale (45) , which shares an identical ORF1/ORF2 junction sequence with U201 (data not shown). In the U201-⌬4607 mutant, the ⌬4607 mutation creates an untranslated region between ORF1 and ORF2 (Fig. 4A) , thus also preventing TTR between the two ORFs. The actual cause of the basal RLuc activity remains to be further investigated.
NV and U201 RNA replication generates dsRNA. The lack of a detectable IFN response to NV and U201 RNA replication in 293FT cells prompted us to evaluate whether dsRNA is generated during NV and U201 RNA replication. As an intermediate in viral RNA replication, dsRNA is a pathogen-associated molecular pattern (PAMP) that induces IFN responses (25, 26) and has been detected in cells infected by other positive-strand RNA viruses using a dsRNA-specific antibody (50) . We found that dsRNA was readily detected by IF in NV RNA-transfected (VP1-positive) cells (Fig. 5A) . Different from VP1, which displayed both diffuse and punctate patterns in the cytoplasm, dsRNA appeared in highly concentrated, punctate, and limited (less than 10 per cell) foci in the cytoplasm at the peak (48 h post-RNA transfection) of NV RNA replication (Fig. 5A) . Furthermore, dsRNA colocalized with the punctate, but not the diffuse, form of VP1 (Fig. 5A ). In contrast to VP1, p48, a membrane-associated viral nonstructural protein involved in RNA replication (51, 52) , shared the same punctate focus staining patterns with dsRNA and strongly colocalized with dsRNA (Fig. 5A) . These results not only confirm that dsRNA is generated during NV RNA replication but also suggest that it is a component of the membrane-associated RNA replication complex.
We next determined whether dsRNA can be detected by IF during U201 RNA replication using a plasmid-based reverse genetics system (Fig. 5B) . In U201 plasmid-transfected cells (VPgpositive) that underwent RNA replication (VP1-positive), dsRNA was detected at 24 hpt by IF in both punctate and diffuse patterns within the same cells (Fig. 5B, U201 ). Neither VP1 nor dsRNA was detected in cells transfected with the U201-⌬4607 mutant plasmid, which is capable of ORF1 expression (VPg-positive) but unable to replicate (Fig. 5B, U201-⌬4607 ). Interestingly, both VP1 and the diffuse form of dsRNA were located in the cytoplasm, whereas the punctate form of dsRNA was located in the nucleus where VP1 was absent (Fig. 5B) . The nuclear localization of dsRNA appeared to be associated with RNA replication since dsRNA was not observed in the U201-⌬4607 mutant plasmidtransfected cells (Fig. 5B) , but the exact mechanism remains to be investigated. Overall, the results showed that dsRNA is generated in detectable amounts during NV and U201 RNA replication, thus excluding the possibility that the lack of IFN response is due to the absence of dsRNA.
NV and GII.3 VLPs do not induce an IFN response. Since both NV stool RNA transfection and the U201 reverse genetics system bypass viral entry, these methods cannot address whether viral entry may induce an IFN response. Due to the lack of an efficient cell culture infection system to properly study viral entry, as an alternative approach we tested whether VLPs, which are morphologically and antigenically similar to virus particles (38) , can induce an IFN response upon binding to the cell surface. Since U201 VLPs were not available for this study, we used VLPs of another GII.3 HuNoV strain, TCH-104 (40), which shares 98% similarity (96% identity [data not shown]) to the VP1 sequence of U201. Treatment of 293FT-ISRE-Luc reporter cells with two concentrations (12 and 36 g/ml) of NV or GII.3 VLPs in the medium for 6 h showed no IFN response compared to results in untreated (negative control) cells (Fig. 6) . As a positive control, treatment with poly(I·C) in the medium for 6 h induced strong ISRE-Luc activity (Fig. 6) . These results suggested that binding of NV or GII.3 VLPs to the cell surface does not induce an IFN response.
NV RNA replication is not enhanced by neutralization of type I/III IFNs. Although no IFN response to NV or U201 RNA replication was detected by 293FT-ISRE-Luc or IFN-␤-Luc reporter assay or by Western blotting of ISG56, to exclude the possibility that these methods might be not sensitive enough to detect a trace level of IFN induction, we further performed IFN neutralization experiments using high concentrations of IFN neutralizing reagents. These included neutralizing antibodies to IFN-␣, IFN-␤, IFN-␣/␤ receptor 2 (IFNAR2), IL-29 (IFN-1), and IFN-receptors IL10R2 and IL28R1, as well as the vaccinia virus B18R protein (49) . We determined the dilutions/concentrations of these reagents that were enough to completely or efficiently block 1,000 IU/ml IFN-␣/␤ or 100 ng/ml IL-29. Since such amounts of type I/III IFNs induced ISRE-Luc activities in the range of 20-to 120-fold increases (Fig. 3A) in contrast to no fold increase with NV RNA replication (Fig. 3B and D) , the neutralizing reagents used in these experiments were at sufficient doses to block any trace levels of IFNs that could possibly be induced by NV RNA replication. When type I IFN neutralizing antibodies were added to 293FT cell culture, either individually or as a cocktail, followed by NV RNA transfection, NV RNA replication as measured by VP1 expression was not enhanced by any of them (Fig. 7A) . Similarly, the B18R protein, which was able to completely block type I IFNs (Fig. 3A) , also failed to enhance NV RNA replication as measured by VP1 and VPg expression (Fig. 7B and C) . To exclude the possibility that the lack of enhancement might be due to instability/degradation of antibodies in the cell culture medium and also to validate antibody efficacies, the spent medium (containing the antibodies) was collected at the end of the NV RNA transfection experiment and added to the 293FT-ISRE-Luc reporter cells, followed by IFN-␣ or IFN-␤ stimulation. The results showed that individual antibodies in the spent medium effectively blocked their corresponding IFNs, albeit at different efficiencies, while a cocktail of the four antibodies completely blocked both IFN-␣ and IFN-␤ (Fig. 7D) , confirming that each antibody was effective and stable in cell culture.
In a similar experiment, NV RNA replication, as measured by both VP1 and VPg expression, was also not enhanced by type III IFN neutralizing antibodies either applied individually or as a cocktail (Fig. 8A) . Similar to type I IFN neutralizing antibodies, each type III IFN neutralizing antibody was stable and effective against IL-29 with different efficiencies and worked efficiently as a cocktail (Fig. 8B) . Together, these results showed that despite the effectiveness of the IFN neutralizing reagents, NV RNA replication was not enhanced by neutralization of type I or III IFNs.
NV RNA replication is not enhanced by knockdown of MAVS or IRF3. Considering that some ISGs can be induced by activation of IFN induction pathways in an IFN-independent manner (46) (47) (48) , as shown in Fig. 3A , and therefore may not be affected by neutralization of IFNs, we further tested whether NV RNA replication can be enhanced by short hairpin RNA (shRNA) knockdown of essential factors in the RIG-I/MDA5 and TLR3 pathways of IFN induction. For this purpose, stable knockdown cell lines were generated by transduction of 293FT cells with shRNA lentiviral particles. Knockdown of adaptor protein MAVS in the RIG-I/MDA5 signaling pathway, as confirmed by Western blotting (Fig. 9A) , severely reduced an SeVinduced IFN response in 293FT cells (Fig. 9B ) but failed to enhance NV RNA replication, as measured by VP1 expression (Fig. 9C) . Similarly, knockdown of IRF3 (Fig. 9D) , an essential transcription factor for both RIG-I/MDA5 and TLR3 pathways, significantly reduced a poly(I·C)-induced IFN response in 293FT cells (Fig. 9E ) but did not enhance NV RNA replication as measured by either VP1 Western blotting (Fig. 9F) or the number of NV RNA replicating (VP1-positive) cells (Fig.  9G) . These results, together with the IFN neutralization data, h or transfected with U201 or U201-⌬4607 plasmid for 24 h, as indicated. Cells were labeled with antibodies to dsRNA (red) and NV VP1 or p48 (green) (A) or with antibodies to dsRNA (red), U201 VP1 (green), and U201 VPg (magenta) (B). Nuclei were counterstained with DAPI (blue). Scale bars, 10 m.
collectively show that NV RNA replication is not enhanced by inhibition of either IFN induction or the signaling pathway.
Knockdown experiments of the IFN-␣/␤ receptor 1 (IFNAR1) and IFN-receptors IL10R2 and IL-28R1 were also performed (data not shown) but were found to be less effective than the B18R protein or IFN neutralizing antibodies in blocking type I/III IFNs and therefore were not further tested on NV RNA replication.
NV RNA replication does not block exogenous-virus-induced IFN response. Despite the detection of dsRNA (Fig. 5) , the lack of IFN response to NV and U201 RNA replication (Fig. 3 and  4) suggests either that viral RNA replication is not sensed by cellular PRRs such as RIG-I/MDA5 and TLR3 that trigger the IFN response or that the virus has evolved a mechanism to antagonize the activation of the IFN response. The latter has been demonstrated by detailed studies on many other positive-strand RNA viruses. For example, hepatitis A virus (HAV) in the Picornaviridae family, which shares many common features with the Caliciviridae family, is known to block the RIG-I/MDA5 signaling pathway of IFN induction through cleavage of the adaptor protein MAVS by virus-encoded protease precursor 3ABC (53) . We thus first examined MAVS in NV RNA-transfected versus HAV-infected 293FT cells. Western blotting showed that the abundance of MAVS was markedly reduced in HAV-infected 293FT cells due to cleavage by the viral 3ABC protease precursor (Fig. 10A ). In contrast, the level of MAVS remained unchanged in NV RNA-transfected cells (Fig. 10A) . Both NV RNA transfection and HAV infection were confirmed by Western blotting of NV VP1 and HAV VP1 and precursors, respectively (Fig. 10A) . Considering that the efficiency of NV RNA transfection was lower than that of HAV infection, we also examined MAVS at the single-cell level by IF staining. Consistent with Western blotting results, in HAV-in- fected 293FT cells that were stained positive for HAV capsid proteins, MAVS was severely reduced compared to the level in neighboring uninfected cells (Fig. 10B, HAV) . In contrast, both the abundance and staining pattern of MAVS in NV RNA replicating (VP1-positive) cells remained intact compared to those in neighboring untransfected cells (Fig. 10B , NV RNA), suggesting that, unlike HAV, NV RNA replication does not result in MAVS degradation.
We next performed an IF experiment to address whether NV RNA replication can actively block the activation of the IFN response induced by an exogenous virus, such as SeV. Due to an unknown reason, nuclear translocation of IRF3, a common indicator of an IFN response, was not observed in SeV-infected 293FT cells (data not shown) despite a strong IFN response as detected by ISRE-Luc and IFN-␤-Luc assays (Fig. 3A and 4D and F) and Western blotting of ISG56 (Fig. 4G) . Phosphorylation of IRF3 was observed in SeV-infected 293FT cells by Western blotting (data not shown). Although the exact mechanism remains to be further investigated, we speculate that SeV infection of 293FT cells induces phosphorylation and nuclear translocation of a subset of IRF3 molecules at a level sufficient for a strong IFN response, whereas the majority of IRF3 remains in the cytoplasm, resulting in an overall appearance of a lack of nuclear translocation. As an alternative approach, we selected ISG56 as an indicator of an IFN response. 293FT cells were first transfected with NV RNA for 30 h, subsequently infected with SeV for 18 h, and finally fixed for IF staining of both NV VP1 and ISG56. Consistent with the Western blotting result (Fig. 4G) , the IF signal of ISG56 was strongly upregulated in SeV-infected cells, and this was observed in both NV RNA replicating cells (VP1-positive) and untransfected cells (Fig. 11) , indicating that NV RNA replication does not block an SeV-induced IFN response.
DISCUSSION
Although IFN responses have been speculated to play a role in host control of HuNoV infection, we show here that RNA replication of two HuNoVs, NV (GI.1) and U201 (GII.3), in 293FT mammalian epithelial cells does not induce an IFN response. Consistent with the lack of an IFN response, NV RNA replication was not enhanced by IFN neutralization or knockdown of key factors in the IFN induction pathways. We further show that NV RNA replication does not block the activation of an IFN response induced by an exogenous virus. These results collectively suggest that HuNoV RNA replication in cultured mammalian epithelial cells does not trigger, and therefore is unlikely to be strongly controlled by, the host epithelial IFN response. It should be noted that the RNA replication systems used in this study-stool RNA transfection for NV and a reverse genetics system for U201-are close to, but do not fully represent, a complete virus infection cycle since both systems bypass viral entry. For some viruses, viral entry has been shown to induce innate immune responses. For example, membrane fusion during entry of enveloped viruses, such as SeV, Semliki Forest virus (SFV), and human cytomegalovirus (HCMV), has been shown to induce IFN-␣/␤ or a subset of ISGs (54, 55) . Although we showed that NV and GII.3 VLPs do not induce an IFN response when they are added to the medium of 293FT cell culture (Fig. 6) , these results should be considered with the caveats that VLPs do not fully represent virus particles and that 293FT cells may lack the necessary receptor/coreceptor for viral entry. Until an efficient cell culture infection system is established for HuNoVs, the possibility of an IFN response triggered by viral entry remains an open question. Despite the absence of viral entry, the NV stool RNA transfection system and the U201 reverse genetics system recapitulate other major steps of the HuNoV life cycle, including translation of genomic RNA, auto-processing of polyprotein, assembly of replication complex and RNA replication, capsid protein expression from subgenomic RNA, virus particle assembly, and release of virus progenies (33, 34) . The lack of an IFN response indicates that none of these steps triggers IFN induction.
In two previous studies (33, 41) and this report, the viruses produced from RNA replication did not spread in cell culture to initiate new infections, which was reflected by the decline of both VP1 and NV RNA after RNA replication peaked at 48 h ( Fig. 1D and E). The replication of GII.3 strain U201 RNA generated from a reverse genetics system has also been shown to decline after it peaks at 24 hpt (34). Our attempts to passage whole-culture lysate of NV RNA-transfected cells (by repeated freeze-thaw) onto naive cells or to passage the transfected cells themselves were not successful (data not shown). The failure of reinfection has been speculated to be caused by the lack of a necessary cell surface receptor/ coreceptor or by a virus-induced IFN response that is sensed by the neighboring cells (33) . Our current results show that HuNoV RNA replication in cultured epithelial cells does not induce an IFN response and is not enhanced by neutralization of IFNs or knock- down of factors in the IFN induction pathways. In particular, the number of NV RNA replicating (VP1-positive) cells was not affected by IRF3 knockdown (Fig. 9G) or IFN neutralization (data not shown), suggesting that blocking the IFN response does not lower the threshold for NV RNA replication, nor does it allow progeny virus produced from the transfected cells to spread to untransfected cells. Therefore, the IFN response is unlikely to play a major role in restricting NV replication; other factors, such as the lack of receptor/coreceptor, must account for the block of virus spread. Our results should help refocus efforts to identify such factors in order to achieve an efficient cell culture infection system for HuNoVs.
The lack of an IFN response to HuNoV RNA replication in 293FT cells may have important implications for understanding the innate immune response to these viruses in epithelial cells. Studies using gnotobiotic pigs and calves inoculated with a GII.4 strain of HuNoV have shown that intestinal epithelial cells, especially enterocytes lining the small intestine, are the primary sites of HuNoV infection in vivo (12, 13) . We showed here that NV RNA efficiently replicates in cultured 293FT kidney epithelial cells, indicating that these cells also have a favorable intracellular environment for HuNoV RNA replication. The commonly used Caco-2 intestinal epithelial cells have a strong IFN response to SeV infection (56) but were not used in this study due to low NV RNA transfection efficiency (data not shown). Similar to Caco-2 cells, 293FT cells mount robust IFN responses to a variety of stimuli including SeV (Fig. 3A) , confirming that both cell types have functional IFN induction and signaling pathways. Therefore, the lack of IFN response to HuNoV RNA replication in 293FT cells is likely due to an intrinsic feature of HuNoV RNA replication rather than to cell type difference although the latter cannot be completely ruled out at this point.
Our results showing that NV RNA replication is inhibited by exogenous type I or III IFN treatment are consistent with previous studies on NV replicon cells (57, 58) and MNV infection of cultured macrophages and dendritic cells (59) . However, our finding that NV RNA replication does not induce an IFN response in cultured epithelial cells was unexpected and currently cannot be conclusively compared to previous studies due to the lack of data specifically from intestinal epithelial cells. In human volunteers inoculated with Snow Mountain virus (SMV), a GII.2 HuNoV, local intestinal innate cytokine responses were not assessed (60) . In gnotobiotic pigs inoculated with a GII.4 HuNoV, an elevated level of IFN-␣ was detected in the intestinal contents during both the early and late phases of infection, but it was unclear whether IFN-␣ was produced by infected intestinal epithelial cells or by immune cells in the lamina propria (12) . MNV infection has been shown to strongly induce type I IFNs in cultured macrophages and dendritic cells (29) , which are professional type I IFN-producing HuNoV and MNV share many common biological features, including a similar mechanism of RNA replication that could expose both viruses to the antiviral effects of IFNs. It is therefore unexpected that NV RNA replication in cultured cells is not enhanced by blocking the IFN response, which is known to enhance MNV replication in vivo and in vitro (15, 29, 30) . Previous studies have shown that MNV replicates to higher titers in cultured macrophages or dendritic cells derived from (15, 29, 30) . In our study, the use of type I or III IFN neutralizing antibodies ( Fig. 7 and 8 ) and of the soluble type I IFN decoy receptor B18R protein (Fig. 3A) was functionally equivalent to IFNAR1 or STAT1 knockout, while shRNA knockdown of MAVS and IRF3 also efficiently inhibited RIG-I/MDA5 and TLR3 signaling pathways of IFN induction, as tested by SeV and poly(I·C), respectively ( Fig. 9B and E) . Thus, the discrepancy between our data on NV and previous studies on MNV is unlikely to be due to the difference in the approaches used. It is possible that since MNV strongly induces type I IFNs in cultured macrophages and dendritic cells, its replication can be greatly enhanced in the aforementioned knockout cells, whereas the lack of enhancement of NV RNA replication in 293FT cells by various methods to block an IFN response is consistent with the lack of IFN induction by viral RNA replication. Unlike MNV, NV does not replicate in human macrophages or dendritic cells (16) . In order to assess the effect of blocking an IFN response on NV replication in a way similar to MNV, a special cell type is required in which NV can both replicate and induce a substantial IFN response. Such a cell type remains to be identified.
The lack of an IFN response to virus infection has been observed for some other positive-strand RNA viruses and can be attributed to diverse mechanisms evolved by the viruses to antagonize IFN induction or signaling pathways. For example, the hepatitis C virus (HCV) protease NS3/4A and HAV protease precursor 3ABC cleave the adaptor protein MAVS to block the RIG-I/MDA5 signaling pathway of IFN induction (53, 64) . In both cases, the viruses are able to block an IFN response induced by an exogenous virus such as SeV (53, 65) , similar to the approach used in this study. However, our results show that, unlike HCV or HAV, NV RNA replication does not cause degradation of MAVS (Fig. 10) and cannot block an SeVinduced IFN response (Fig. 11) . A previous study also showed that the SeV-induced IFN response is not blocked in NV replicon cells (58) . These observations are not without precedent. For example, murine hepatitis virus (MHV) and severe acute respiratory syndrome-coronavirus (SARS-CoV), both belonging to the Coronaviridae family, do not induce an IFN response but also do not prevent IFN induction by SeV or poly(I·C) (66) (67) (68) . One possible explanation is that instead of blocking IFN induction, NV might have evolved a yet to be identified mechanism to protect viral RNA from detection by the host PRRs. This could partially explain why we detected dsRNA during NV and U201 RNA replication (Fig. 5) but could not detect an IFN response ( Fig. 3 and 4) . Our finding that dsRNA colocalizes with the membrane-associated nonstructural protein p48 in NV RNA-transfected cells (Fig. 5A) suggests that dsRNA is part of the membraneassociated replication complex. Recent studies have shown that some other positive-strand RNA viruses, such as dengue virus (DEN) and HCV, induce membrane rearrangement that conceals viral RNA from recognition by the PRRs (69, 70) . It should be interesting to investigate whether a similar strategy is used by HuNoVs to evade an IFN response.
Alternatively, NV might have evolved a mechanism(s) to antagonize the antiviral activity of IFN. An example can be found again in the coronavirus MHV, of which the accessory protein 5a is a major antagonist of the antiviral action of IFN and is responsible for reduced IFN sensitivity of the MHV-A59 strain (71) . A similar mechanism is possible for NV and does not directly contradict our observation that NV RNA replication is sensitive to type I and III IFN treatment (Fig. 2) , as high concentrations of IFNs were used in these experiments. The same concentration (1,000 U/ml) of IFN-␣ has been shown to be inhibitory even for the less IFN-sensitive strain of MHV (71) . In previous reports (57, 58) and this study, only NV, a GI.1 HuNoV, has been tested for sensitivity to IFN. It should be interesting to assess IFN sensitivities of HuNoVs in other genogroups and genotypes. Overall, the inability of NV RNA replication to block IFN induction raises an interesting question of how NV and other HuNoVs cope with the host IFN response and certainly requires more investigation.
Several results from this study, including that NV RNA replication is sensitive to type I IFN treatment and that NV RNA replication does not block an SeV-induced IFN response, are consistent with previous studies based on an NV replicon system (57, 58) . The NV replicon is a valuable cell culture system representing NV RNA replication in the Huh-7 hepatoma cell line (58) but is associated with several limitations that affect the interpretation of results. For example, since most of ORF2 in the NV replicon is replaced with a neomycin phosphotransferase (neo) gene to facilitate antibiotic selection, structural proteins VP1 (ORF2) and VP2 (ORF3, which is translated by a TTR mechanism after ORF2) are not expressed (58) . As a result of the selection process, the NV replicon contains adaptive mutations (58) that could reduce virulence or an innate immune response associated with viral RNA replication. Due to the mutual selection between replicon and the cells, the cells harboring NV replicon could also carry mutations that benefit NV RNA replication, similar to (but not necessarily the same as) the loss-of-function mutation in the RIG-I gene in the Huh7.5 cells supporting HCV replicon (72) . In contrast, the NV stool RNA transfection system used in this study is an authentic RNA replication system in which the NV stool-isolated RNA, without cloning and also possibly containing natural quasi-species, is directly transfected into 293FT cells. Unlike the NV replicon which expresses only the nonstructural proteins, NV stool RNA transfection leads to expression of both nonstructural and structural proteins (Fig. 1B) that results in not only RNA replication but also virion assembly and release of progeny virus, providing a system closer to a complete virus life cycle than the NV replicon. However, it should be noticed that both systems do not fully represent a complete virus infection cycle. The development of an efficient in vitro replication system for HuNoVs will be required to validate results from this study and provide further insight into the innate immune response to HuNoV replication in the intestinal epithelium to better understand host control of these notorious viruses.
